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M.E4SURR4E?JTOF Pu HAMINATTON AT THE 10-nCi/g LEVEL
IN 55-G~ BARRELS OF SOLID WASTE

WITH A 252Cf A9SAY SYSTEM

T. W. Crane
Los Alamos Scientific Laboratory

Los Alarms, Nw Mexico 87545, U.S.A.

ABSTRACT

A combination active/pasaive nondestructive aasay (NDA) system Is described
for the rnearutementof a wide range of plutonium-contaminated solid waste.
The waat~ packaged in 55-gal (208 liter) barrels could be of either high
or lW density with gamma-ray radiation fL~ fission products as high as
1000 R./h. The passive NDA mcasyrement technique consists of counting coin-
cident and total neutrons with He-filled proportimal detectors. The
active amay, which is made after the passive measurement, employs a cycli-
cal irradiation by a 252Cf neutron source follmed by delayed neutron
counticg with the source transferred to a shielded storage container.
Approximately 1000 s aze used for the combination active/pa8sive assay.
The thr- standard deviaticm detectability limit is near the 10-nCi/g
fiducial for the passive plutonium measurement and belw the fiducial for
the active measurement for barrels with a mass of 100 kg or more.

1. INTRODUCTION

The investigation of nondestructive aenay (NDA; techniques for 55-gal (208
liter) barrels of solid waate was initiated aa part of a nuclear safeguards
program for reactor fuel repressing plants(l). The characteristics of
the items to be assayed were left fairly general so the technique would be
suitable for a wide range of wa8te categories. The waate materials
uoneidered included combustible waste such as rubber gloves or paper
wipes, lcw-density waste much as air filtera~ high-density waste much as
failed proceaa equipment cut up to fit into 55-gal barrels, and waate
generated duri~ ●tandard chemical analysis prmedures. The radiation
level fran fissia products was considered to be variable and potentially
high enough to require remote handling(2). The chemiccl and isotopic
composition of the uranium or plutonium were assumed to be unknown.

Given the rather wide boundaries on the materials to be assayed,
certain NDA t~chniques can be readily eliminated from consideration.
Techniques employing passivo ga~a-ray and x-ray detection i~uld not be
practical because the laroa container size and high density would result
in absorption of mat of the signal, and interference from the fission
product ●otivity would mask the remaining signal(3). Techniques based on
●ccelerators were eliminated because the practicality of routine waste
measurement needs to be demonstrated. The remaining techniques are limited
to those that employ gamma-ray insensitive qae-fillad neutron detectors
and active techniques that ●mploy isotopic neutron sources. The techniques
in this aategory i=lude paosive neutron counting with thermal neutror,
gas-filled proportional detectors(4-6! ●nd three generic typos of active
●ssay systema~ ●lpha-n neutron mouroe irradiaticm with coincidence oounting
of indmmd fignim naukrrmnll\ . nhnttinm,wt.m ------- d.L.----..I.- --J..



fast fianion nautron counting(l,6,9), and 252Cf neutron interroqatim
with &layed fissicm neutra counting. All the above techniques will
handle gamna-ray radiation lmelsi of up to about 1 IVh with no mcdifica-
tionfi,and the radiation levels can be extended eaaentially indefinitely
by using lead shielding.

Passive neutron counting has been demonstrated to be practical for
plutmium assay. A unit installed at the pl!!toniumrecovery area at the
Los Alams Scientific Laboratory (LASL) han routinely assayed waste
materials in barrel-size containers for the past ●ight years(n). The
detectability limit for the existing unit is about l-g Pu. (The detecta-
bility limit is defined as the quantity of material that produ:es a
respmse three standard deviations above background in a thousand-second
assay.) Depending on the type of information needed and iso+~pes oth~r
than plutonium that might be present in the waste, passive neutron counting
has certain limitations. Passive counting is not very sensitive to uranium
because of the lW neutron yields for the 235u and 238u isotopes(3).

Passive neutra munting primarily measures the spontaneously fissioning
isotopes (238Pu, 24°Pu, 242pu, 242cM, and 244fIJn)by coincidence
counting, and the total plutonium content is calculated from the isotopic
composition. The total neutron cmurt is a sensitive indicator of plutonium
but inaccurate because of the wide variation in the count rate for
different chemical forms (a factor of 25 between oxide and fluoride).
Also, other isotopes such as 242ti and 244~ can be interpreted as
pluta-lium.

The active assay techniques primarily measure the fissile isotopes
(235U, 239pu, and 241pu). The assay technique employing nelltron
Interrogation with coincident fission neutron counting is similar to a
passive instrument except a neutron source is used to induce fission6
instead of passively counting spontaneous fissions(7). Because of the
neutron background produced by the ~urce, the technique is best suited
for measuring large quantities of 22)U. The fissile detectability limit
in barrel-size contai~ers is expected to be greater tha~)10 g making the
instrument unsuitable for lm-level waste assay. The photo-neutron inter-
rogation with energetic fission neut:on detection has the potential for a
fissile detectability limit at the 1- to 10-mg level. However, because
the intrinsic detection efficiency for fast neutrons w!th gas-filled
proportional counters is la?, the instrument cannot be med effectively
for passive assay. In addition, the detection technique Is ‘.~nsitiveto
the waste matrix material. Moderation, espmially by hydrogenous material,
rap.dly reduces the neutron energy bela the detection threshold resulting.
in an erroneously lW assay. The system employing 252Cf neutron inter-
rogation with delayed neutrcw counting has the advantages of being operable
as a passive uystem, a high sensitivity to fissile isotopes in the active
mode, and a comparatively low sensitivity to matrix effects. Thus, as the
umt versatile NDA instrument for a wide range of calid waste categories,
the combination of passive neutron rmunting and 252Cf interrogation with
dulayed neutrm counting was investigated through detailed computer
calculations and prototype test measurements.

2. MEASUREMENT PRINCIPLES

2.1 PanBive Assay

TFQ passive assay measures the naturally wcurring neutrons emitted by
plutaium or other isotopes present in the waste. The neutron radiation
arises from either spontaneous fission or from alpha-particle interactions
with light elements. Spontaneous fission has been observed for thorium
and heavier elements~ tmever? for low-level waste measurements only the
even isotapes of plutonium and curium make a significant spontaneous
fisnion neutron contribution to the passive oounting. h average of two
or more neutrons are emitted simultaneously in the spontanems fission



process. The passiw assay uses the mincidence of the det=ted neutrons
to determine presence and quantity of ●pontuneouely fineioning isotopes.
The neutrons resulting from the alpha decay process are emitted singly.
The neutron ●nergy and ●missitm rate varies drastically with the various
light ●lements) for pure metallic pieces of the alpha-emitting isotopes
cnly the spontaneous fission neutrons are available for detection.

Neutrons emanating from the container arc nmkrated to near thermal
●rergles by hydrogenous material surrounding the gas-filled detectors.
B+ause the system is also operated in neutron interrogation male, activa-
ted charcoal-lined 3He-filled detectors must be used to avoid neutron
damage during the irradiation by the 252Cf source. The statistical
variaticm ir.the the interval required to moderate the neutrons necessi-
ta~es the use of coirusidencegate times on the order o? 100 us. The gate
time is lol,genough that accidental coincidences fran the singly emitted
alpha-n neutrms, background neutrons, or neutrons from different spontane-
ous fissions can be significant. Depending on the neutron emission rates,
quite sophisticated el=tronics and data-reduction algorithms may be
requireJ to separate the “true” coincidences from the ‘accidental” coinci-
dences. Hcwever, electronic units are ccmnnerciallyavailable that automat-
ically account for the accidental coincidences at high count rates and for
variable background rates(13).

The detectors can be operated in garmna-rayfields up to about 1 R/h.
If the items to be assayed have radiation levels above 1 R/h, then lead
shielding Is installed between the we ;e barrel and the detectors. A lead
ahiel? approximately 5-cm thick is required to attenuate the more energetic
fission product gamna rays by a factor of ten(14). Because lead has a very
lcw neutron abscuption cross section, the shield can be made as thick as
necessary to reduce the gamna-ray radiation belcw 1 R/h at the detectors,
but more neutra detectors would be required to surround both the shield
and the item being assayed, The lead shield surrounding a 55-gal barrel
desiqned to reduce a 100 R/h radiation level to 1 R/h would be 10-cm thick
and have a mass of about 4000 kg. Cosmic-ray interactions with this quan-
tity of lead can resuit in an appreciable neutron background rate, i.e., a
background coincidence rate equivalent to about 9 g of 240Pu at the Los
Alamos altitude of 2200 m(15). At eea level the cosmic rays are attenuated
by ?,factor of 4 and an overhead cover of concrete l-m thick reduces the
background another factor of 20. Thus, for a typical facility at sea level
a background coincidence rate equivalent to 0.1 g 240Pu can be expected
frun the lead shielding. In sane cases it may be practical to operate the
unit with more overhead shielding, such as in a tunnel, in which case the
background frun cosmic rays becomes negligible.

2.2 Active Assay

The active assay measures the fissile isotopes present in the waste by
counting the &layed neutrons after the item has been irradiated by a
252Cf neutron source. The assay ul,itconsists of an isolated source
storage position and a sample interrogation and counting chamber as shown
in Fig. 1. The as~ay begins with the source in the storage position and
the waste barrel in the ass~y chamber. The data accumulated with the neu-
tron detector banks is then equivalent to a passive assay and both the
totdl and coincident neutron rates are accumulated. The counting time for
the passive portion of the assa;’is approximately five minutes (300 s).
The active portion of the assay is cyclical consisting of irradiation by
the 252Cf source and delayed neutron counting with the source withdrawn.
The irradiation time interval is about 16 s, the delayed neutror counting
time interval is about 8 s, and the source transfer t~me is about 0.5 e. in
both directions resulting in a period of 25 s for one active assay cycle.
The complete assay of passive munting and 28 active cycles roquiree
1000 so A delayed neutrcm counting time shorter than the irradiation time



is used to increase the ausay precision by improving the delayed neutron
aigr~l to background ratio.

A high-speed ateppirrgrotor is used to transfer the source between the
etorege and irradiate positions. The unit shcwn In Fig. 1 has two irradi-
ation ~sitions to help make the interrcqation uniform along the height of
the barrel. An alternative scheme would translate the srmrce vertically
yielding a continuous ecan during the irradiation portiol.t>fthe assay.

The neutrons emitted frcm the californium sourc( have a fission energy
spsctrum with an average energy of about 2.3 MeV. Mderating material
surrounds the eource at the interrogation position (not shwn in Fig. 1)
so that the barrel is irradiated with near thermal energy neutrons. The
Sw.ener~ neutron irradiation ●nhances the response because of the
Imreased fission cross section at thermal energies. The response can also
be imreaaed by using a more intense 252Cf source. Prm:tical trade ?ffs
between the desired detectability limit for a reasonable assay time and
the uantity of radiation shielding needed for personnel safety result in
a 25?Cf ~urce size of abut ?-5 mg or a maximum neutron rate of
1010/s. The 252Cf half-life is 2.65 years and the initial source
strength is usually selected to provide about five years of service.

Delayed neutrons are emit:ed from some figsion fragments after they
have undergone one or more beta transitions and are characterized by their
parent nuclei half-lives, which range from 0.2 to 55 s, The delayed
neutron yield of 239pu fission Is abcut 0.6%(17). Neither delayed
neutrons nor prcsnptneutrons from fission can be observed during the ~~ra-
diation of the sample because the 252Cf source saturates the response of
the detectors. Thus, the source mu~t be transferred to the shielded
storage position during the delayed neutron cmnting.

The neutron detectors completely surround the Interrogation and count-
ing chamber slwnm in Fig. 1. With the detectors in a ‘4n” geometry the
detection efficiency is maximized and the neutron response is uniform over
the s~mple volume. The item is rotated during the assay to improve the
uniformity of the neutron irradiation.

3. PRO!RYIWPETEST MEASUREMENTS

The prototype test measurements concentrated on investigating Lhe
active assay technique of neutron irradiation and delayed neutron counting
fix 55-gal barrels. The passive neutron assay of barrels has been inves-
tigated at LASL acd reEnrted(ll,15,18

1
Advances In the passive method

‘BF3-filled detectors with morewill result primarily from replacing
efficient 3He-filled &tector6 and increasing external shielding to
reducw background neutrons.

A test bed was assembled by constructing a barrel-size assay
chamber.? for an ●xisting annallsample assay unit(lO). The test bed
provided the data needed to ●stimate the expected performance of a fully
engineered Bystem such as shown In Fig. 1. In addition the test bed served
as a reference point for checking the accuracy of the LJiSLneutron Monte
Carlo trar,sportcode (K?J)(19) by mmparing the results with the observed
performance of the test bed unit.

The test bed provi&d the data for the background neutron rates
expectd for barrel-size active asaay Bystems and experience for reducing
their ~cmntribution(20). The background rates, which affest both the active
and passive measurements, arise from ambient rcun neutrons, cosmis-raY
interactions in the lead shielding, and neutrons from the 252Cf source
at its otorage position. The roun background rate was 300 counts/s with
only a cadmium shaet cmvering the outside surface of th’;detector banks.
After installing a 20-cm-thick polyethylene shield the rcun background rate
was reduced to 4 counts/a. In 6trictly passive aasay unitu with no lead
liner the roan background Is the only background. The 15-cm-thick, 4800-kg
lead shield with a 0.9-m-thick concrete overburden at the Los Ala~B alti-
tu& of 2200 m produ~?eda background of 14 counts/s. A thick overburden



of earth or mncrote is not Lmroamnebls for a facility routinely proces-
sing materiala with high ga.ma-ray radiation levels. Thus, the need for
cosmic-ray uhieldiiw to reduce background ratem is cxmotstent with the
usual requirements to limit radiation levels outside the facility. The
test bed un t had an observed background count rate of 10 counts/s from
the 0.2-mg 452Cf source at its storage position. The transfer tube
length between the storage positicm and the assay chamber wa??1.37 m with
one 3-deg-bend midway to prevent a line-of-sight neutron path. Because
the source background results primarily fran neutrons streaming dewn the
transfer tube, additional distance and bends will ~ effective in further
redwing the source background contribution.

The Mmte Carlo calculations were made in two steps(21). First ‘he
number of fissions induced in the barrel per source neutron was estimated.
The fission rate was tallied by position in the barrel to check uniformity.
Because of the single point irradiation used on the te8t bed the fission
rate varied by nearly a factor of four over the barrel volume. In tl~
second step of the Monte Carlo calculation the delayed neutron detecticn
efficiency waa obtained. The average detection efficiency was 109 but
varied by a factor of three frcanthe center to the ends of the barrel
because the detectors wsre placed only on the sides and ●nd losses were
enhanced by the 15-cm-thick lead shield. The agreement between the Monte
Carlo calculations and the observed performance for the test bed was quite
good, typically within 215%. The slight differences generally resulted
from “simplifications” ueed in the calculation geometry.

Although the test bed was constructed to test the feasibility of low-
level measurements (<1 g fissile), a r

?
uest was made to use the instrument

to assay highly enriched uranium (93%, 35U) intermix~3 with furnace
perta and reduction residues. The mat-:ial was packaged In 30-gal (114
lite:j barrels and the uranium mntent had been estimated using a ‘by dif-
ference” technique. In addition to the test bed a Segmented Gamma
~u~nner (SGS)(23) was used for passive munting of the 185-keV ganrnarays
from 235U. Both techniques used a single standard mntaining 46.4-g
235U intermixed with paper in a 30-gal barrel to approximate the barrels
of waste. The SGS used a gamana-raytransmission measurement to correct
for the matrix differences between the standard and the waste barrels;
however, no matrix corrections were made for the neutron-based test bed
measurements.

Table I shows the results of two NDA assay techniques along with their
one-atandsrd-deviation statistical precision. For the 10 barrels assayed
by both the SGS and the test bed, the total 235U inventory was 17?.6 g
and 165.9 g, respwtively, a reasonable agreement for this type of
material. (I?w barrels were not assayed by the neutron technique, because
they were tm heavy to transport to the test bed.) The higher count rate

for the neutron technique gave better precision than the gamna-ray measure-
ment. For the standard, the neutron NDA test bed count zate was 7.4
counts/s/g 235U~ whereas, the SGS count rate was 1.8 counts/s/g 235u.
Elwever, because the waBte barrels Mere more dense than the stand~rd, the
SGS count rate was reduced by about an order of magnitude.

4. BXPE- PERFORMANCE

The detection limit using neutron irradiation and delayed couoting with
the test bed unit i8 about 67 mg 239Pu and the detection limit for the
passive assay unit at the LASL plutonium facility(n) is about 6Q mg
240PU ~ ~iwidence counting. Figure 1 shows a system designed to
optimize the detestion limit for both the active and passive neutron mea-
surements. The improvements in the design include a more afficient neutron
detection scheme using a “47T”geometry. The tubes are filled with 3He
and thereby give a higher ●fficiency than the BF3 tiels previously used
in the passive barrel-size systems. Monte Carlo calculations yield a



TABM I

Drum
No.

23% CO~ 0? ~VE 30-GAL BAKRI%9CONTAINING FTJRNXE PARTS
AND ~KTI~ R=IKJB3 KEASUR~ BY TBE S(X AND THE ~ T= BED

70
79
80

81
82
83

84
85
86

87
88
89

Net

Weight

J.!@-

92
31
23

56
47

126

69
68
68

69
69
39

Eat im.ated
235U

(q)

65
9
6

16
12
61

36
35
35

30
28
33

Measured 235Ua

SGs Delayed Neutron

59.1 : 2.2 ● ..
53.8 : 1.4 37.50 ~ 0.10
1.1 + 1.0 1.239 ~ 0.016

4.8 ~ 1.4 3.699 ~ 0.030
2.1 ~ 1.0 2.314 ~ 0.026
55.9 ~ 1.4 ...

14.83 0.8 19.72 ~ 0.06
19.2 ~ 1.0 18.89 ~ 0.06
20.0 ~ 0.9 24.84 ~ 0.08

21.6 ~ 1.0 21.67 ~ 0.07
21.3 ~ 0.9 20.46 ~ 0.07
18.8 ~ 1.6 15.54 ~ 0.06

aErrors indicate statistical precision only (1-o level).

neutron detection efficiency in either the active or passive tie of
35%(24). The presence of neutron absorbers in the matrix material or the
inclusion of a cadmium liner in the assay chamber to reduce the matrix
material sensitivity may limit the detection efficiency to about 259. A
larger 2-mg 252Cf source improves the detectability limit. The source
would yield nearly 5 x 109 n/s and be stout 10 times more intense then
the source In the test bed unit. The shielding on the storage unit (.’.7m-m
thick from source to surface) limits the personnel radiation exposure to
about 1 mR/h.

In quoting the detectability limits in the active and passive modes, a
conservative approach is taken in estimating the background rates at a
waste processing facility. The rates are extrapolated from the active
assay test bed and frcm the paesive 30-gal aEaay unit installed at the LASL
plutonium facility TA-55(11). For estimating purpses the plutonium iso-
topic imposition is assumed to be 80% 239pu and 20~ 240Pu and the

plutonium is in the oxide form (Pu02). For the instrument shown in Fig.
1, the five-minute passive portion of the assay yields a detectability
limit usitlgcoincidence counts of 30-mg Pu without the lead shield and
200-mg Pu with the 15-cm-thick lead shield. An additional overburden of
1-2 m thickness would eliminate the background from the lead. The passive
neutron totals count rate has a detection limit of 25-mq Pu with the lead
shield. The substitution of plutonium flW3ridk (PuF4) for the oxide
would adveruely affect the coincidence detectability limit and improve the
total count detectability limit. The active pxtion of the assay measures
the induced delayed neutron rate and accounta for about 700 s of the 1000-s
&asay. The active portion of the assay has a detectability limit of 4-mg
Pu and the chemical form does not affect the limit. For barrels with 100
kg of waste (density = 0.5 g\cm3) 1 Q9 pU ~rrespnds ~ approximately
l-nCilg contamination. Thus, the active technique is capable of sorting
waate at the 10-nCi/g fiducial and the passive techniques are close to the



10-nCi/g fidwial. Cd3ining the coincidence artd integral pamsive count-
ing data with the ●ctivm aoaay results yieldm the fertile and fissile
plutomim ccaponents as well ●s the probable chemical ccmpcmition.
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